C ardiac development is an intricate process involving the migration and assembly of multiple cell types from distinct lineages to form a mature heart. Cells of the proepicardium define one such lineage and have been receiving increasing attention given their role in the formation of the epicardium, and the central role of epicardium as a signaling center during heart development and repair. 1, 2 The proepicardium is a mesothelial structure in the wall of the pericardial cavity just dorsal to the developing heart tube that has a "cluster of grapes"-like appearance. It has been identified in human, mouse, chick, and most recently in zebrafish embryos. 3, 4 The transcription factors Tbx18 (T-box factor 18), Wt-1 (Wilms tumor 1), and Tcf21 (transcription factor 21) (also known as epicardin or capsulin) are highly expressed in the proepicardium and serve as molecular markers of this structure, although none of these factors is expressed exclusively in the proepicardium. Cells of the proepicardium migrate onto the developing heart tube and completely cover it in an epithelial layer, the epicardium. Epicardial cells then undergo an epithelial-to-mesenchymal transition and invade into the underlying myocardium to become fibroblasts and cells of the coronary vasculature. There are several examples of mutations in mice that disrupt epicardial development. 1 The failure to form the epicardium leads to a reduction in cardiomyocyte proliferation, a disruption in cardiac morphogenesis, and embryonic lethality attributable to heart failure.
Although the importance of the proepicardium for heart development is clear, we are just beginning to identify the signals that direct the formation of the proepicardium. The proepicardium is thought to arise from cells of the lateral plate mesoderm. 3 Consistent with this notion, murine proepicardial cells have been shown to be derived from progenitors that express Nkx2.5 (NK2 transcription factor-related 5) and Islet-1, both of which are highly expressed in the lateral plate mesoderm during early embryogenesis. 5 Furthermore, mice deficient in Nkx2.5 do not develop a proepicardium. 5 Genes involved in left-right asymmetry have also been shown to influence the development of the proepicardium. 6 In chick, the proepicardium forms from bilaterally symmetrical structures that develop asymmetrically, leading to a proepicardium just on the right side of the pericardial cavity. Disruption of right-sided gene expression determinants such as fgf8 (fibroblast growth factor 8) or snai1 (snail homolog 1) lead to the failure of proepicardial specification. 6 In mice, the dependence of proepicardial specification on the left-right asymmetry machinery is unclear, as both right and left proepicardial precursors develop equally and fuse in the midline to generate the proepicardium. 7 Previous work by Serluca had revealed the existence of the proepicardium in zebrafish and demonstrated that proepicardial tcf21 expression is dependent on wt-1. 3 In this issue of Circulation Research, Liu and Stainier provide further insights into the signals specifying the zebrafish proepicardium. 8 Previous work in chick has suggested the importance of bone morphogenetic protein (BMP) signaling for proepicardial development, as implantation of beads coated with Noggin (a BMP antagonist) in chick led to a loss of proepicardial marker gene expression. 9 Given these results, Liu and Stainier first focused on the BMP signaling pathway during zebrafish proepicardial development. They found that blocking BMP signaling using an inducible, dominatenegative BMP led to a significant reduction in tbx18 and tcf21 gene expression. Also, they found that proepicardial marker gene expression was completely blocked in zebrafish mutants lacking the type I BMP receptor acvr1l (activin A receptor, type 1 like). Interestingly, gain of function studies using an inducible BMP2 expression system resulted in induction of ectopic tbx18 expression, but not tcf21, suggesting that BMP signaling alone was insufficient to completely commit cells to the proepicardial fate. Overexpression of Tcf21 could also induce tbx18, but this required acvr1l expression, consistent with a model in which two signals are required for proepicardial specification (see the Figure) . The role of BMP signaling in proepicardial specification appears distinct from a recently reported role of BMP signaling in directing the differentiation of proepicardial cells to the myocardial lineage, 10 suggesting that BMPs may have multiple roles during the specification and development of the proepicardium.
As an approach toward identifying other factors involved in inducing the proepicardium, previous work from Ishii et al using a tissue transplantation technique in chick embryos demonstrated the ability of the liver bud, but not the lung bud, to induce the proepicardial marker genes tbx18, wt-1, and tcf21 in adjacent mesoderm. 11 To test the importance of the liver in proepicardial induction in zebrafish, Liu and Stainier took advantage of several mutant zebrafish lines in which liver formation is severely disrupted or absent. 8 In these mutants, the proepicardium still formed, demonstrating that liver-derived signals are not necessary for proepicardial specification in zebrafish. Instead, Liu and Stainier found that BMP4, produced by the overlying heart tube, was important for proepicardial specification, because mutant zebrafish lacking BMP4 had reduced levels of tbx18 and tcf21 gene expression. The reasons for the difference between the chick and fish results are unclear but warrant further investigation.
Because the transcription factor Tbx5 had been previously shown to play a role in the migration of proepicardial cells to the myocardium, 12 Liu and Stainier next used the zebrafish system to determine whether Tbx5 had an earlier role in proepicardial specification. There are 2 tbx5 genes in the zebrafish genome, with only tbx5a being expressed in the lateral plate mesoderm. 13 Liu and Stainier demonstrated that in zebrafish tbx5a mutants, tbx18 and tcf21 expression was lost, but bmp4 expression was not altered. Furthermore, overexpression of a dominant-negative form of Tbx5a during the early somite stage of development significantly reduced tbx18 and tcf21 expression, suggesting the requirement of Tbx5a activity in cells of the lateral plate mesoderm. Thus, this work is consistent with a model in which proepicardial progenitors become competent to commit to the proepicardial lineage in the lateral plate mesoderm through the action of tbx5a. Then, after exposure to BMP4 from the developing heart tube, the proepicardial progenitors become committed to the proepicardial fate.
Like most good science, this work raises interesting questions that warrant further exploration. One such question involves the role of GATA-binding protein (GATA)4 in proepicardial specification. GATA4 is highly expressed in the murine proepicardium and targeted disruption of GATA4 in mice results in a complete absence of the proepicardium, despite normal development of the early heart tube. 14 Furthermore, BMP4 has been shown to induce GATA4 expression during mouse embryogenesis. 15 Taken together with the results of Liu and Stainier, these observations are consistent with a model in which BMP4 directs proepicardial commitment in a GATA4-dependent manner (see the Figure) . In zebrafish, the dependence of proepicardial development on gata4 has not been directly examined, but "knockdown" of GATA4 in zebrafish embryos results in block in cardiac development after formation of the heart tube. 16 It is conceivable that this phenotype may, in part, be attributable to the failure to develop the epicardium and proepicardium in these morphants. Further work is needed to more precisely define the role of GATA4 in proepicardial development, and the zebrafish model system seems ideally suited for it.
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